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Barium strontium titanate is a promising material for micro-
wave-phased array applications.
1,2
In this study, highly dense
and fine-grained Ba0.6Sr0.4TiO3 ceramics were prepared using
the spark plasma sintering (SPS) technique. The structure and
dielectric tunable properties of the samples were investigated.
The ‘‘distorted nano-region’’ emerged in the interior of the
grains of SPS samples, and resulted in the deterioration of the
dielectric tunable properties of BaxSr1xTiO3. This phenome-
non indirectly testified to the assumption of the ‘‘polar nano-
region’’ mechanism. After the SPS samples were annealed, the
‘‘distorted nano-region’’ disappeared and better dielectric tun-
able properties were obtained. The dielectric constant was de-
creased to 1048, and the K value (Commutation Quality Factor)
reached 7089.
I. Introduction
PEROVSKITE ferroelectrics BaxSr1xTiO3 (BST) make a groupof materials attractive for application in microwave tunable
devices for wireless communication systems.3 These materials








where e(0) and e(Emax) are the dielectric constants of the mate-
rial at zero and the maximum bias field, respectively; (2) loss
tangent (tan d). Furthermore, a low dielectric constant is re-
quired to perform impedance matching. To improve the dielec-
tric properties of BST for phased array applications, it is
necessary to reduce dielectric constant and losses and increase
tunability.
The trend of ‘‘the higher the dielectric constant, the higher the
tunability loss’’4 is observed for many dielectrics.5 The correla-
tion between tunability and loss tangent forces designers choose
the materials with optimal trade-off between these two param-
eters for the best device performance. This optimal trade-off is
found by an integral parameter called the Commutation Quality
Factor (K). The factor K can be considered as a variant that
characterizes the tunable performance of the material. The
Commutation Quality Factor for ferroelectrics is given by6
K ¼ ðn 1Þ
2
n tan dðEminÞ tan dðEmaxÞ
(3)
where Emax and Emin are two states of electric fields applied on
the ferroelectric capacitor and n is the tunability of the capacitor
determined as the ratio e(Emin)/e(Emax).
It is well known that grain size (GS) has a dramatic influence
on the crystal structure and properties of perovskite ferroelec-
trics materials.7,8 The decrease of grain sizes implies an increase
in grain boundary layer contents. The grain boundary layer can
be considered as a low-permittivity nonferroelectric phase. The
presence of a continuous low-permittivity nonferroelectric
phase, grain boundary layer, can contribute to the depression
of permittivity with decreasing GS, as suggested in Frey et al.9
On the other hand, a decrease of GS is associated with an
increase of the residual stresses on the grains.
Spark plasma sintering (SPS) is one of the solid consolidation
processes that are carried out in a graphite mold, and the heat-
ing is accomplished by spark discharges in voids between par-
ticles. It has been experimentally verified that the densification is
enhanced by the use of direct current (DC) pulses. Some inves-
tigations proved that SPS is an efficient way to prepare fine-
grained ceramics.10
In this paper, we focus on the preparation of dense and fine-
grained BST ceramics and the investigation on the influences of
the SPS method on the structure and dielectric properties of
BST ceramics.
II. Experimental Procedure
Barium nitrate (purity of 99.95%), strontium nitrate (purity of
99.95%), tetrabutyl titanate (purity of 99.95%), citrate acid
(purity of 99.95%), and ammonia (purity of 99.95%) were
used as the starting materials. The details of the preparation
of BST powders by sol–gel can be found elsewhere.11
The synthesized powders were charged into an SPS graphite
die, 15 mm in diameter. After the SPS chamber was evacuated
(B102 Pa), the temperature was raised to the predetermined
peak temperature at a rate of 1001C/min and kept for 3 min,
under a constant pressure of 50 MPa along the Z axis. The SPS
samples were annealed in air at 5001C for 4 h to remove the
infiltrated carbon during the SPS sintering process. And some of
the SPS samples were annealed in air at 9001C for 3 h. Along
with the SPS method, the conventional sintering method was
used to prepare BST samples. The powders were pressed into
pellets, 15 mm in diameter. The samples were sintered at 14001C
for 3 h in an air atmosphere.
D. Johnson—contributing editor
wAuthor to whom correspondence should be addressed. e-mail: xuehao@xmu.edu.cn
Manuscript No. 23045. Received April 6, 2007; approved April 22, 2007.
Journal
J. Am. Ceram. Soc., 90 [8] 2653–2656 (2007)
DOI: 10.1111/j.1551-2916.2007.01793.x
r 2007 The American Ceramic Society
2653
The bulk density of the samples was measured by the Archi-
medes method. The crystal structures were determined by X-ray
diffraction (XRD; model Rigaku 2500, Tokyo, Japan). The mi-
crostructures were observed using scanning electron microscopy
(SEM; model JEOS 6470, JEOL Ltd., Tokyo, Japan) and trans-
mission electron microscopy (TEM; JEOL 2010).
To measure the dielectric properties, silver paste electrodes
were formed on the two surfaces of disk-shaped specimens
(1 mm in thickness and 15 mm in diameter), which were
fired at 5001C for 30 min. Dielectric properties was measured
in the temperatures range from 601 to 1001C, using an
HP4192A impedance analyzer (Agilent, Palo Alto, CA). The
dielectric tunability was measured using a TH2816 LCR testing
meter (TH2816, Tonghui Electric, Changzhou, China) under the
DC bias fields from 0 to 2000 V.
III. Results and Discussion
Figure 1 shows the XRD patterns of the Ba0.6Sr0.4TiO3 ceramics
prepared by the SPS and conventional sintering methods.
As shown in Fig. 1, all peaks of the Ba0.6Sr0.4TiO3 ceramics
coincide well with those of BaTiO3, suggesting that both the
samples are single phase, which was observed to be a perovskite
structure. It can be noticed that peaks of SPS sample are
evidently broader than those of the conventionally sintered sam-
ple, and compared with the SPS sample before annealing, and
the peak broadening degree of the SPS sample after annealing
was reduced to a certain extent
The SEM micrographs of the samples are shown in Fig. 2,
which are consistent with the XRD results. The grain sizes of the
SPS and conventional sintering samples were 0.3 and 10 mm. It
can be obviously noticed that the annealing process at 9001C
does not influence the GS of SPS sample.
Measured by the Archimedes method, the densities of the SPS
sample after and before annealing at 9001C, and the conven-
tional sintering sample are 5.60 g/cm3, which was 98.4% of the
theoretical density (5.69), 5.57, and 5.40 g/cm3, respectively.
It can be noticed that the SPS technique significantly depress-
es and broadens the phase transition peak of BST ceramics
(Fig. 3), but the annealing process can reduce the degree of in-
fluence. A similar phenomenon appears in measurement of di-
electric tunability of the samples. Figure 4 shows the dielectric
constants of the samples under a DC bias field. The dielectric
tunability of the SPS sample before annealing is considerably
smaller than that of conventional sintering, but the annealing
process can retrieve it from this influence to a large extent.
Because there is no obvious distinction in the GS between the
samples of SPS before and after annealing, it is suggested that
SPS not only influences the dielectric properties because of the
reduction of grain size but also brings about additional changes
in the microstructure of the BST ceramic.
Figure 5 shows the high-resolution TEM (HRTEM) images
of an SPS sample before and after annealing at 9001C, respec-
tively. There is a visible difference between the two images. In
the SPS sample before annealing, there exist many nanoregions
among which there are slight distortions and confusion in at-
oms’ arrangement. The formation of such regions is probably
due to the characteristic of the SPS technique, high increasing
rate of temperature and spark discharge, etc. Spark discharge
results in several defects in the interior of the crystalline grain.
Moreover, a rapid densified process preserves these defects,
which cause the distortion of atoms’ arrangement. Here, we de-
fine these regions as ‘‘distorted nanoregions.’’ It is observed
that the ‘‘distorted nano-regions’’ disappear after annealing at
9001C. It is suggested that ‘‘distorted nano-regions’’ are unstable
in thermodynamics, and the annealing process eliminates them
easily.
In addition, combining the analytic results of SEM and TEM,
the XRD peak broadening of SPS samples could be attributed
to two factors: smaller GS and distortion of the crystal lattice
caused by an SPS characteristic. After annealing at 9001C, the
GS did not change obviously, so it was estimated that reduction
of the XRD peak broadening degree of the SPS sample was due
to elimination of the latter.
A kind of interpretation of dielectric nonlinearity of BST in
paraelectric state is related to the polar nanoregion.12,13 The
concept of the polar nanoregion is more precise than that of
the polar microregion (PMR) because of their nanometer scale.
Fig. 1. X-ray diffraction (XRD) patterns of the perovskite Ba0.6Sr0.4-
TiO3 ceramics prepared by different sintering processes: (a) conventional
sintering method at 14001C for 3 h, (b) Spark plasma sintering (SPS) at
11001C for 3 min, and (c) SPS at 11001C for 3 min and then annealing at
9001C for 3 h.
Fig. 2. Scanning electron microscopy micrographs of the Ba0.6Sr0.4TiO3 ceramics prepared by the conventional sintering method and spark plasma
sintering (SPS): (a) conventional sintering at 14001C for 3 h; (b) SPS at 11001C for 3 min; (c) SPS at 11001C for 3 min, and then annealed at 9001C for 3 h.
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The polar nanoregion can be defined as a nanometer scale re-
gion with parallel-oriented spontaneous polarization, where
they act as a giant dipole with a slow relaxation frequency.
The polar nanoregion is susceptible to environmental distur-
bance and prone to redirecting to an external field vector even
under a weak signal level. Dielectric nonlinearity can be man-
ifestly understood under the assumption that the polar nanore-
gion loses its susceptibility while merging into the microdomain
or macrodomain if the applied external bias field is strong
enough.
If the ‘‘distorted nanoregion’’ is similar to the polar nanore-
gion in size scale, it will influence the formation of a ‘‘polar
nanoregion’’ or their behavior under an electric field. The ‘‘dis-
torted nano-region’’ perhaps makes it difficult to form a ‘‘polar
nanoregion’’ or baffle its response to an external field vector,
and so both the dielectric constant and tunability of an SPS
sample before annealing are evidently depressed.
Table I lists the dielectric properties of the samples by the
conventional sintering method and the SPS method (annealed at
9001C for 3 h). It can be noticed that the SPS method, combined
with the annealing process, decreases the dielectric constant, di-
electric loss, and dielectric tunability. As an integral parameter
to estimate the tunable performance of dielectric tunable mate-
rial, the K value of the sample prepared by SPS (7089) is clearly
higher than that of the sample prepared by the conventional
sintering method (2385). It is indicated that the SPS method
improves the dielectric tunable properties of BST ceramics due
to high densification and fine grains.
IV. Conclusion
Barium strontium titanate ceramics of Ba0.6Sr0.4TiO3 were fab-
ricated successfully using SPS at a low temperature (11001C).
The ‘‘distorted nano-region’’ was observed in the grain of SPS
samples (due to the characteristic of the SPS process), which
perhaps resulted in a drastic decrease in the dielectric tunable
properties of the samples. By postannealing treatment in air, the
‘‘distorted nanoregion’’ was eliminated, and the SPS sample of
the Ba0.6Sr0.4TiO3 ceramic showed better dielectric tunable
properties than the conventional sintering sample of the
Ba0.6Sr0.4TiO3 ceramic, reduced the dielectric constant, and re-
markably increased the K value, due to high densification and
fine grains. The room-temperature dielectric constant, dielectric
loss, relative dielectric tunability, and K value at 1 MHz were
1048, 0.0035, 25%, and 7089, respectively.
Fig. 3. Dielectric properties–temperature curves of the conventional sintering sample and the spark plasma sintered sample of Ba0.6Sr0.4TiO3 ceramics:
(a) er-T curves; (b) tand-T curves.
Fig. 4. Dielectric constants of the conventional sintering sample and
spark plasma sintered samples of Ba0.6Sr0.4TiO3 ceramics under a direct
current (DC) electric field.
Fig. 5. Transmission electron microscopy images of spark plasma sin-
tered samples of Ba0.6Sr0.4TiO3 ceramics: (a) after annealing at 9001C for
3 h; (b) before annealing.
Table I. Dielectric Properties of Ba0.6Sr0.4TiO3 Ceramic
Prepared by Conventional Sintering and SPS (and then











14001C for 3 h)
2206 0.0102 0.0095 1.61 38 2385
SPS (at 11001C
for 3 min) and
then annealed (at
9001C for 3 h)
1048 0.0035 0.0033 1.33 25 7089
SPS, spark plasma sintering.
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